Tumor necrosis factor (TNF) is a proinflammatory cytokine that plays a critical role in diverse cellular events, including cell proliferation, differentiation and apoptosis. TNF is also involved in many types of diseases. In recent years, the molecular mechanisms of TNF functions have been intensively investigated. Studies from many laboratories have demonstrated that the TNF-mediated diverse biological responses are achieved through activating multiple signaling pathways. Especially the activation of transcription factors NF-κB and AP-1 plays a critical role in mediating these cellular responses. Several proteins, including FADD, the death domain kinase RIP and the TNF receptor associated factor TRAF2 have been identified as the key effectors of TNF signaling. Recently, we found that the effector molecules of TNF signaling, such as RIP and TRAF2, are also involved in other cellular responses. These finding suggests that RIP and TRAF2 serve a broader role than as just an effector of TNF signaling.
INTRODUCTION
The proinflammatory cytokine tumor necrosis factor (TNF) plays an important role in diverse cellular events such as septic shock, induction of other cytokines, cell proliferation, differentiation, necrosis and apoptosis [1, 2] . TNF is also involved in many diseases including malaria, AIDS and cancer. TNF was originally identified as a factor that leads to rapid hemorrhagic necrosis of transplantable tumors in mice [3] . Approximately one third of trasnformed cell lines were shown to be susceptible to the cytolytic action of TNF [4] . However, because of its toxicity in animals and human, TNF did not fulfill the initial expectations that it would be useful in the treatment of cancer [5] . Many of the TNF-induced cellular responses are mediated by either one of the two TNF receptors, TNF-R1 and TNF-R2, both of which belong to the TNF receptor super-family [6] . In response to TNF treatment, the transcription factor NF-κB and MAP kinases, including ERK, p38 and JNK, are activated in most types of cells and, in some cases, apoptosis or necrosis could also be induced [7, 8] . However, induction of apoptosis or necrosis is mainly achieved through TNF-R1, which is also known as a death receptor [9] . Activation of the NF-κB and MAPKs plays an important role in the induction of many cytokines and immune-regulatory proteins and is pivotal for many inflammatory responses [8, 10] .
The molecular mechanisms that regulate TNF-mediated responses have been intensively studied in recent years. For TNF-R1 signaling, it is known that the binding of TNF to TNF-R1 leads to the recruitment of TRADD (TNF-R1-associated death domain protein) into the receptor complex [11] . TRADD subsequently recruits other effector proteins into the complex. FADD/MORT1 (FAS-associated death domain protein), TRAF2 (TNF receptor associated factor 2), and the death domain kinase RIP (receptor interacting protein) have been shown to interact directly with TRADD [12] [13] [14] [15] [16] . While FADD/MORT1 is essential for TNF-induced apoptosis through activating a caspase cascade, RIP and TRAF2 are critical in the activation of NF-κB and JNK [17] [18] [19] [20] . We recently reported that both RIP and TRAF2 are also required for the activation of all three types of MAPKs [21] . In addition, it has been reported that RIP mediates TNF-induced necrotic cell death [22] . On the other hand, For TNF-R2 signaling, it is known that the occupancy of TNF-R2 by TNF leads to the recruitment of TRAF1 and TRAF2 as well as cIAP1 and cIAP2 [23] . However, because most of the research effort from many laboratories is devoted to the study of TNF-R1 signaling, it is less clear how these molecules correlate to transduce the diverse TNF signals through TNF-R2.
THE RECEPTOR INTERACTING PROTEIN (RIP) PLAYS AN ESSENTIAL ROLE IN DNA DAMAGE-INDUCED NF-Κ Κ Κ
Κ ΚB ACTIVATION Cells are often under genotoxic stress, both endogenously (e.g., reactive oxygen species) and exogenously (e.g., ultraviolet radiation, ionizing radiation, and DNAdamaging chemicals). The cellular responses to genotoxic stress include damage sensing, activation of different signaling pathways, and biological consequences such as cell cycle arrest and apoptosis. Tremendous work has been done to investigate the mechanisms that control the cellular responses to genotoxic stress [24] . Transcription factors p53, activating protein 1 (AP-1), and nuclear factor B (NF-κB) have been suggested to play critical roles in mediating cellular responses to genotoxic responses [25, 26] . These transcription factors elicit various biological responses by inducing expression of their target genes.
Because activation of AP-1 and NF-κB can have antiapoptotic or pro-apoptotic effects, the engagement of these two pathways may be key cellular responses that modulate the outcome of cells exposed to radiation and genotoxic drugs. For instance, the ataxia-telangiectasia mutation gene (ATM) has been reported to play an essential role in genotoxic drug-induced activation of NF-κB, which has a known role in chemoresistance [27, 28] . Although ATM may be critical for sensing DNA damage and subsequently triggering cytoplasmic signaling cascades that lead to NF-κB activation, how the signal is transduced from nucleus to cytoplasm and how the cytoplasmic signaling cascades are initiated are largely unknown. In most types of cells, inactive NF-κB is sequestered in the cytoplasm through its interaction with the inhibitory proteins known as IBs. In response to various stimuli, such as the pro-inflammatory cytokines tumor necrosis factor (TNF) and interleukin 1 (IL-1), IBs are phosphorylated by their kinase, IKK, and are rapidly degraded by the proteasome after polyubiquitination. Degradation of IBs leads to the release of NF-κB and allows its translocation into the nucleus and the subsequent activation of its target genes [29] .
For TNF-induced IKK and NF-κB activation, two TNF effector molecules are essential, the death domain kinase receptor interacting protein (RIP) and TRAF2. In response to TNF treatment, IKK is recruited to the TNF receptor complex through TRAF2, and its activation requires RIP. RIP interacts with the IKK complex through the regulatory subunit IKK-apparently this interaction also requires TRAF2.
Ionizing radiation and short-wavelength ultraviolet radiation activate NF-κB through distinct pathways [30, 31] . Ultraviolet radiation activates NF-κB through an IKKindependent pathway. For ionizing radiation and genotoxic drugs, DNA damage has been proposed to trigger a cytoplasmic signaling cascade, including IKK activation, to mediate NF-κB activation. However, the signaling components upstream of IKK have not been identified. Previous studies had implied that ultraviolet radiation and genotoxic drugs may activate NF-κB through cell membrane receptors (e.g., TNF and IL-1 receptors). Thus, it is important to determine whether RIP is involved in NF-κB activation by ultraviolet radiation or genotoxic drugs.
We found that RIP is essential for NF-κB activation by genotoxic drugs and IR but not by ultraviolet radiation [32] . In wild-type mouse embryonic fibroblasts, DNA damage by agents such as adriamycin, campthothecin, and ionizing radiation induced NF-κB activation. In contrast, NF-κB activation could not be detected in RIP -/-fibroblasts treated with these agents. NF-κB activation by IL-1 and lipopolysaccharide treatment was normal in RIP -/-fibroblasts when compared with wild-type fibroblasts. To test whether TNF receptor or other TNF signaling effector molecules (e.g., TRAF2, FADD, and TRAF5) are involved in DNA damage-induced NF-κB activation, we examined NF-κB activation in TNF-R1
, and FADD -/-fibroblasts and found that NF-κB was activated normally in those cells. Therefore, the involvement of RIP in DNA damage-induced NF-κB activation is independent of TNF signaling.
Because IKK forms a complex with RIP after DNA damage, RIP may activate IKK through the same mechanism in response to both TNF and DNA damage. However, how RIP senses the signal triggered by DNA damage is still unclear. Since RIP is not a nucleocytoplasmic shuttling protein, one possibility is that, in response to DNA damage, some nuclear proteins are exported into the cytoplasm and interact with RIP to form signaling complexes with IKK. Nevertheless, our work suggests a novel mechanism for the initiation of the cytoplasmic signaling to activate NF-κB in response to DNA damage.
A NOVEL SIGNALING PATHWAY CONTROLLING OXIDATIVE STRESS-MEDIATED CELL DEATH
Oxidative stress refers to the imbalance with enhanced production of reactive oxygen species (ROS) and/or impaired function of the antioxidant system [33] . ROS including superoxide anion, hydroxyl radicals and hydrogen peroxide (H 2 O 2 ) are known to be important in various biological and pathological processes such as aging, http://www.cell-research.com Cell Research, 15(1):24-27, Jan 2005 | www.cell-research.com Molecular mechanism of TNF signaling and beyond inflammation, carcinogenesis, and in the pathogenesis of many human diseases such as neural degenerative diseases, AIDS, and cancer [34, 35] . One important aspect of ROS biological effects is their regulatory roles in cell death. ROS can act either as direct inducers or as signaling molecules in the cell death process triggered by many other stimuli, while the exact molecular targets of ROS and the signaling pathway controlling oxidative stress-mediated cell death are largely elusive [36, 37] . Previous understanding on the ROS or oxidative stress-related cytotoxicity is mainly based on its adverse effect on cell membrane (membrane lipid peroxidation) or on mitochondria (both functional and structure alteration).
We recently reported that ROS utilize some key cell signaling molecules of TNF signaling, such as RIP, TRAF2 and JNK, to control the life and death of the cell [38] . Such findings will help to elucidate the importance of ROS and oxidative in various physiological and pathological conditions. We found that H 2 O 2 caused evident cell death in mouse embryonic fibroblast (MEF) in a caspase-independent manner. Interestingly, MEF cells in which the expression of RIP and TRAF2 genes was knocked out are much more resistant to H 2 O 2 -induced cell death than the wild-type (wt) MEF cells. Moreover, the reconstitution of RIP and TRAF2 expression in their respective gene knockout cells significantly restored the sensitivity of the cells to H 2 O 2 , suggesting that RIP and TRAF2 are required for H 2 O 2 -induced cell death. RIP and TRAF2 are two key effector molecules in the TNF signaling pathway and mainly act as cell survival factors to protect against TNF-induced apoptosis via NF-κB activation. However, a recent report that RIP is required for death receptor-mediated caspase-independent cell death implies that RIP may also act as transducers for cell death signals. Moreover, we found that H 2 O 2 -induced cell death is independent of TNF receptor 1 (TNFR1), as TNFR1 -/-MEF cells were as sensitive as wt cells to H 2 O 2 -induced cell death. In addition, blockage of de novo protein synthesis failed to affect H 2 O 2 -induced cell death.
We also found that RIP and TRAF2 form a complex in response to H 2 O 2 treatment. Using the co-immunoprecipitation technique, a rapid and transient interaction between RIP and TRAF2 was detected upon H 2 O 2 exposure, and this interaction was independent of TNFR1 and TNFR1-associated death domain (TRADD), another critical molecule in the TNF signaling pathway. Recently, membrane lipid rafts have been implicated in cell signaling. We found that H 2 O 2 rapidly induced the clustering of FITClabeled cholera toxin B, a marker for membrane lipid rafts, followed by RIP and lipid raft co-localization. Therefore, we believe that a RIP and TRAF2 interaction is an upstream event that initiates the cell death pathway, a process likely involving membrane lipid rafts and recruitment of some key signaling molecules. Lastly, we identified c-Jun N-terminal kinase (JNK) as the effector molecule in H 2 O 2 -induced cell death downstream of RIP and TRAF2. JNK is a member of the mitogen-activated protein kinase family that plays pivotal roles in cellular responses to stress induced, caspase-independent cell death.
In summary, our study uncovers a novel signaling pathway regulating oxidative stress or ROS-induced cell death, a process involving RIP, TRAF2, and JNK1. It appears that RIP and TRAF2 have critical functions in a much broader spectrum of signal transduction pathways than original thought and act as the convergence point to relay different stimuli or stressors to different downstream signaling pathways that determine life and death of the cell.
